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 Chapter 15 
 Comparison of the Radioactive Cesium 
Contamination Level of Fish and their Habitat 
Among Three Lakes in Fukushima Prefecture, 
Japan, After the Fukushima Fallout 
 Keishi  Matsuda ,  Kaori  Takagi ,  Atsushi  Tomiya ,  Masahiro  Enomoto , 
 Jun- ichi  Tsuboi ,  Hideki  Kaeriyama ,  Daisuke  Ambe ,  Ken  Fujimoto , 
 Tsuneo  Ono ,  Kazuo  Uchida , and  Shoichiro  Yamamoto 
 Abstract  Levels of radiocesium ( 134 Cs +  137 Cs) contamination in lake water, bottom 
sediment, plankton, and fi sh were investigated in three geographically separated 
lakes in Fukushima Prefecture (Lake Hayama, Lake Akimoto, and Lake Tagokura) 
between June 2012 and November 2013. Levels of contamination differed among 
the three lakes, with the highest levels in each measured component found in Lake 
Hayama, followed by Lake Akimoto, and the least contamination in Lake Tagokura. 
Among the lakes, the magnitude of contamination decreased with distance from the 
Fukushima Dai-ichi Nuclear Power Plant. Mean radiocesium concentrations were 
higher in piscivorous fi sh than in other fi sh, possibly refl ecting differences in trophic 
levels. Radiocesium concentrations of the lake water, bottom sediment, plankton, 
and fi sh were signifi cantly correlated with surface soil radiocesium content near 
lake sites. 
 K.  Matsuda (*) •  J.  Tsuboi •  S.  Yamamoto 
 National Research Institute of Aquaculture, Fisheries Research Agency , 
 2482-3 Chugushi ,  Nikko ,  Tochigi  321-1661 ,  Japan 
 e-mail: matsukei@affrc.go.jp 
 K.  Takagi 
 Marine Biological Research Institute of Japan Co., LTD , 
 4-3-16, Yutaka ,  Shinagawa ,  Tokyo  142-0042 ,  Japan 
 A.  Tomiya •  M.  Enomoto 
 Fukushima Prefectural Inland Water Fisheries Experimental Station , 
 3447-1 ,  Inawashiro,  Maya ,  Fukushima 969-3283 ,  Japan 
 H.  Kaeriyama •  D.  Ambe •  K.  Fujimoto •  T.  Ono 
 National Research Institute of Fisheries Sciences ,  Fisheries Research Agency , 
 2-12-4, Fukuura ,  Kanazawa, Yokohama ,  Kanagawa  236-8648 ,  Japan 
 K.  Uchida 
 Fisheries Research Agency ,  Yokohama ,  Kanagawa  220-6115 ,  Japan 
188
 Keywords  Lake Hayama •  Lake Akimoto •  Lake Tagokura •  Piscivorous fi sh • 
 Radiocesium contamination •  Trophic level 
15.1  Introduction 
 Radiocesium is one of the major radioactive components of the fallout from the 
Fukushima Dai-ichi Nuclear Power Plant (FNPP). The total amount of  137 Cs dis-
charged into the atmosphere between 12 March and 6 April 2011 was estimated as 
approximately 1.3 × 10 16 Bq (Chino et al.  2011 ). Before 20 April 2011, 18 % of the 
total fallout settled on Japanese land (Stohl et al.  2012 ). Radiocesium monitoring 
of freshwater organisms (Fisheries Agency  2012 ) showed that trophic level is an 
important ecological factor affecting bioaccumulation of  137 Cs in fi sh (Mizuno 
and Kubo  2013 ). For example, in the Agano River basin in Fukushima,  137 Cs con-
tamination of carnivorous salmonids was roughly twice that of the herbivore ayu 
 Plecoglossus altivelis (Mizuno and Kubo  2013 ). However, levels of radiocesium 
contamination among individuals within conspecifi cs have also been found to dif-
fer among habitats (Iguchi et al.  2013 ; Mizuno and Kubo  2013 ; Yamamoto et al. 
 2014a ), and the causes of these differences are uncertain. 
 The objective of this study was to investigate factors affecting the differences in 
concentrations of radiocesium ( 134 Cs +  137 Cs) in fi sh of three geographically separate 
lakes in Fukushima Prefecture (Fig.  15.1 , Table  15.1 ). These three lakes are located 
at differing distances from the FNPP and have different air dose rates and radioce-
sium concentrations in the adjacent surface soil, but have roughly similar retention 
times (Table  15.1 ). Sampling of lake water, bottom sediment, plankton, and fi sh was 
conducted up to three times per year in spring, summer, and autumn from June 2012 
to November 2013. 
15.2  Contamination Levels of Lake Water, Bottom Sediment, 
and Plankton 
 In each lake, lake water was sampled from one site ( n = 1), and plankton was sam-
pled one time along a constant distance of the lake surface ( n = 1) (Fig.  15.1 ). Bottom 
sediment samples were collected from one point in each lake during one sampling 
event ( n = 1) (Fig.  15.1 ). Temporal changes in radiocesium concentrations of the 
lake water, bottom sediment, and plankton are shown in Fig.  15.2 . In Lake Tagokura, 
radiocesium concentrations were not detected in the lake water from November 
2012 to October 2013 (detection limits, <2.1 mBq l −1 ), as was plankton in October 
2013 (detection limit, 1,413 Bq kg −1 dry mass). 
 Among these ecosystem components, only the bottom sediment showed signifi -
cant temporal changes, with a signifi cant decreasing trend in Lake Hayama (Table  15.2 ; 
 t test,  P < 0.05) and a signifi cant increasing trend in Lake Tagokura (Table  15.2 ; 
 t test,  P < 0.05). Continuing investigation is necessary to determine the patterns and 
temporal changes of radiocesium contamination in lake water and plankton.


































 Fig. 15.1  Upper fi gure shows the locations of the study lakes and the Fukushima Dai-ichi Nuclear 
Power Plant (FNPP) in Fukushima Prefecture.  Lower fi gure show the sampling sites in each of 
the lakes ( w lake water sampling point,  f fi sh sampling point).  Arrows point to bottom sediment 
sampling points (Modifi ed from Matsuda et al.  2015 ) 
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 The order of contamination levels of lake water, bottom sediment, and plankton 
for the study period (2012–2013) in three lakes was Lake Hayama > Lake 
Akimoto > Lake Tagokura (Table  15.2 ). 
15.3  Radiocesium Concentrations in Fish 
 Fish from Lake Hayama were analyzed individually, except for Japanese smelt 
( Hypomesus nipponensis ); all other fi sh samples were analyzed from 2 to 103 
pooled individuals. Temporal changes in radiocesium concentrations in several fi sh 
species in each lake are shown in Fig.  15.3 . Signifi cant decreasing trends of radio-
cesium concentrations in fi sh from 2012 to 2013 were observed for white-spotted 
char in Lake Tagokura; smallmouth bass in both Lake Hayama and Lake Akimoto; 
bluegill, Japanese dace, and crucian carp in Lake Hayama; and Japanese barbell in 
Lake Akimoto (Table  15.3 ;  t tests for parametric groups or Mann–Whitney tests for 
nonparametric groups,  P < 0.05). Radiocesium concentrations signifi cantly 
decreased by 33 % to 65 % between 2012 and 2013 in these fi sh species (Table  15.3 ). 
 Considering only physical decay of radiocesium, the loss of radiocesium concen-
tration in the fi sh on 20 June 2013 (the fi rst sampling day on 2013) would have been 
expected to decrease by 9 % of that on 29 November 2012 (the last sampling day on 
2012). Therefore, the radiocesium concentrations of crucian carp in Lake Tagokura 
might increase during the period between 2012 and 2013 without physical decay 
(Table  15.3 ). Fukushima and Arai ( 2014 ) also found that radiocesium concentra-
tions in channel catfi sh ( Ictalurus punctatus ) and kokanee ( Oncorhynchus nerka ) 
increased between 2011 and 2013 in some lakes in northeastern Japan. The order of 
the contamination level in each fi sh species for the study period (2012–2013) among 
the three lakes was also Lake Hayama > Lake Akimoto > Lake Tagokura (Table  15.3 ). 
 Table 15.1  Characteristics of the study lakes 
 Unit  Hayama  Akimoto  Tagokura 
 Lake area  (km 2 )  1.75  3.6  9.95 
 Volume  (10 3 × m 3 )  36,200  32,800  494,000 
 Max depth  (m)  70  40  80 
 Altitude  (m)  175  736  515 
 Linear distance from FNPP a   (km)  39  85  157 
 Retention time b  (years)  0.48  0.26  0.31 
 Lake type  Artifi cial dam 
reservoir 
 Natural  Artifi cial dam 
reservoir 
 Air dose rates at lakeside c   (μSv h −1 )  2.88  0.57  0.12 
 Radiocesium contents 
of surface soil at lakeside c  
 (Bq m −2 )  637,663  80,018  16,232 
 a Fukushima Dai-ichi Nuclear Power Plant 
 b Citation from Fukushima and Arai ( 2014 ) 
 c Air dose rates at 1-m height from the ground and radiocesium ( 134 Cs +  137 Cs) concentrations of 
surface soil (depth, 0–50 mm) on 6 June 2011 to 8 July 2011 (MEXT 2011) (Cited from Matsuda 
et al.  2015 ) 
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 Fig. 15.2  Time-course of 
radiocesium ( 134 Cs +  137 Cs) 
concentrations in samples 
from each lake: lake water 
( a ); bottom sediment ( b ); 
plankton ( c ).  Vertical bars 
indicate 1 SD derived from 
counting statistics. Samples 
below detection limits are 
indicated by  closed squares 
on the  x -axis 
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15.4  Relationship Between Trophic Level and Radiocesium 
Concentration 
 Freshwater fi sh primarily accumulate radiocesium through the food chain rather 
than directly from the water (Williams and Pickering  1961 ; Hewett and Jefferies 
 1976 ; Yamamoto et al.  2014b ). Species-specifi c food intake and food availability 
can cause differences in radiocesium concentrations among fi sh species. Because 
metals are concentrated in organisms as they are transferred up trophic levels by 
consumption, the trophic level of a fi sh is an important ecological factor affecting its 
concentration of radiocesium (Rowan and Rasmussen  1994 ). For example, after the 
Chernobyl accident in 1987, a higher annual mean concentration of  137 Cs has been 
detected in fi sh from higher trophic levels in some lakes of Finland, including perch 
( Perca fl uviatilis ) and pike ( Esox lucius ) (Rask et al.  2012 ). 
 Okino ( 2002 ) showed that fi shes classifi ed as piscivorous, including salmonid 
fi shes, the Japanese catfi sh  Silurus asotus , and the largemouth bass  Micropterus 
salmoides , occupy the top of the food chain in temperate lakes in Japan. We also 
categorized fi sh into two groups: (1) piscivorous fi sh (the white-spotted char 
 Salvelinus leucomaenis pluvius , Japanese catfi sh, the smallmouth bass  Micropterus 
 Table 15.2  Mean radiocesium ( 134 Cs +  137 Cs) concentrations of the water, bottom sediment, and 
plankton in each lake 




± SD b in 
2012–2013  n c 
 ( x ) Mean 
radiocesium 
concentration 
± SD b in 
2012  n c 
 ( y ) Mean 
radiocesium 
concentration 
± SD b in 
2013  n c 




(1− y / x ) × 100 
(%) 
 Lake water 
(mBq l −1 ) 
 H  66.2 ± 27.4 a   5  89  2  51 ± 25  3  43 
 A  24.5 ± 13.9 b   5  29  2  22 ± 8.3  3  25 
 T  1.6 ± 0.4  1  1.6 ± 0.4  1  ND 
 Bottom 
sediment 
(Bq kg −1  dry 
mass) 
 H  17,340 ± 
8,519 a  
 6  24,189 ± 
5,636 
 3  10,491 ± 
2,987 
 3  57 * 
 A  2,357 ± 2,091  6  2,841 ± 3,140  3  1,874 ± 607  3  34 
 T  301 ± 138 b   6  191 ± 85  3  410 ± 66  3  −114 * 
 Plankton 
(Bq kg −1  dry 
mass) 
 H  4,295 ± 2,495  4  4,852 ± 78  1  4,109 ± 3,021  3  15 
 A  1,383 ± 1,004  3  1,383 ± 1,004  3 
 T  25  2  25  2 
 Signifi cant difference between the 2012 period and 2013 period was examined by a  t test. Asterisk 
of [Loss of the radiocesium concentration from 2012 to 2013] indicates signifi cant difference 
between the x and the y ( P < 0.05). These tests were conducted if there were more than two samples 
in both or all groups 
 a Lake: H = Hayama, A = Akimoto, T = Tagokura 
 b SD: If  n = 1, SD is counting error (1 sigma) 
 c n : ND data were excluded. Signifi cant differences among the lakes were examined by a  t test 
(lake water) and by a Kruskal–Wallis test (bottom sediment and plankton). Different small letters 
following an entry indicates signifi cant difference among the lakes ( P < 0.05) (Modifi ed from 
Matsuda et al.  2015 ) 
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 Fig. 15.3  Time-course of radiocesium ( 134 Cs +  137 Cs) concentrations in fi sh from each lake. 
Concentrations in Lake Hayama are for individual samples except for  Hypomesus nipponensis ; all 
other values were measured from pooled samples.  Vertical bars indicate 1 SD. Samples below 
detection limits are indicated by  closed squares on the  x -axis 
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dolomieu , largemouth bass, and masu salmon  Oncorhynchus masou ); (2) other fi sh 
(the bluegill  Lepomis macrochirus , the Japanese dace  Tribolodon hakonensis , the 
crucian carp  Carassius spp., the common carp  Cyprinus carpio , the Japanese barbel 
 Hemibarbus barbus , and Japanese smelt). We found that the mean radiocesium con-
centration in piscivorous fi sh was signifi cantly higher than in other types of fi sh only 
in Lake Hayama during the study period (2012–2013) (Table  15.4 ;  t test,  P < 0.01).
15.5  Geographic Differences in Levels of Radiocesium 
Contamination 
 The FNPP fallout was the source of radiocesium in freshwater fi sh and in lake water, 
bottom sediment, and plankton. Therefore, correlations between radiocesium con-
centrations in each of these lake ecosystem components and concentrations in lake-
side surface soil were analyzed. Soil samples were taken at a 0- to 50-mm depth on 
the lakeside of each lake between 6 June and 8 July 2011 (MEXT 2011). The radio-
cesium concentrations of surface soil on each lakeside (MEXT 2011) are shown in 
Table  15.1 . Signifi cant correlations were found between surface soil radiocesium 
content and that of lake water ( R 2 = 0.590,  P < 0.01), bottom sediment ( R 2 = 0.729, 
 P < 0.001), plankton ( R 2 = 0.555,  P < 0.01), and all fi sh ( R 2 = 0.273–0.971,  P < 0.01) 
(Fig.  15.4 ). 
 Thus, the differences in radiocesium concentrations in the lake samples likely 
refl ect the quantity of radiocesium from the FNPP that was deposited at each lake. 
A previous report found a strong relationship between the distance from the FNPP 
and the radiocesium concentrations in freshwater fi sh (Mizuno and Kubo  2013 ). A 
similar relationship was observed in the present study, where the quantity of radio-
cesium deposited in lakeside soil decreased with distance from the FNPP. However, 
this relationship has not been found in all of northeastern Japan because the pollu-
tion did not spread concentrically from the FNPP. For example, Lake Chuzenji 
(located southwest of the FNPP) and Lake Tagokura are both located roughly 
160 km from the FNPP in linear distance, but radiocesium concentrations in the 
 Table 15.4  Mean radiocesium ( 134 Cs +  137 Cs) concentrations of each fi sh group in each lake 
during the study period (2012–2013) 
 Bq kg −1 wet mass ± SD 
 Piscivorous fi sh  n a  Other fi sh  n a 
 Lake Hayama  2,636 ± 1,311 a   5  794 ± 478 b   5 
 Lake Akimoto  219 ± 108  4  135 ± 47  6 
 Lake Tagokura  12 ± 10  3  9.0 ± 3.7  4 
 a n : ND data were excluded. Signifi cant differences between piscivorous fi sh and others were exam-
ined by a  t test. Different small letters after number entries indicates signifi cant difference ( P < 0.05) 
(Cited from Matsuda et al.  2015 ) 
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muscle of salmonids in 2012 were 142.9–249.2 Bq kg −1 wet mass in Lake Chuzenji 
and only 12 Bq kg −1 wet mass in Lake Tagokura (Yamamoto et al.  2014a ). 
 In addition, there is some evidence that different levels of radiocesium contami-
nation of fi sh among lakes can also be caused by variation in retention time 
(Fukushima and Arai  2014 ), depth (Broberg et al.  1995 ), lake water hardness and 
conductivity (Hakanson et al.  1992 ; Särkkä et al.  1995 ), suspended sediment con-
centration, and temperature (Rowan and Rasmussen  1994 ). 
 In addition to continuing to measure levels of radiocesium contamination in 
these lakes, future studies are needed to determine the factors underlying continued 
contamination and the retention of radiocesium in these lakes. 
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 Fig. 15.4  Correlations between the mean radiocesium concentrations ( 134 Cs +  137 Cs) in each lake 
sample taken during the study period (2012–2013) and those of the surface soil taken at a 0- to 
50-mm depth on each lakeshore between 6 June and 8 July 2011 (MEXT 2011).  Vertical bars 
indicate 1 SD.  Solid lines show signifi cant fi tted regression lines (Cited from Matsuda et al.  2015 ) 
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